To investigate the safety of fluoxetine use during pregnancy, and to better understand the relationship between maternal fluoxetine use during the first trimester and congenital malformations in infants.
Introduction
Depression is projected to be the second-leading cause of disease burden in 2020, and is common in pregnant women [3] [4] [5] . Up to 25% of pregnant women have depression or depressive symptoms in developing countries compared with 7-15% in developed countries [6] [7] [8] [9] . Untreated depression during pregnancy has adverse effects on the outcomes of mother and infant, such as increasing the risk of spontaneous abortion, prematurity, low birth weight, low Apgar scores, small for gestational age, and growth retardation [10] [11] [12] . Primarily selective serotonin reuptake inhibitors (SSRIs) are generally recommended and widely used for the treatment of prenatal depression [13] [14] [15] . Fluoxetine (Prozac), the first SSRI commercialized by Eli Lilly and Company in 1986, is the most commonly prescribed antidepressant. Fluoxetine was studied in the 1990s, and had been considered as a safe therapy for pregnant women with depression [16] [17] [18] [19] . However, data began to emerge suggesting positive associations between fluoxetine and birth defects (e.g., major malformations, and specifically cardiovascular malformations), and potential biological mechanisms have been hypothesized [20] [21] [22] [23] . The embryonic period from 16-19 days after conception to the seventh week of gestation is the most vulnerable period for fluoxetinemediated heart malformation [24] . Thus, research into the exposure period of the first trimester is very much worthy of study.
In the past five years, there has been a growing body of cohort studies focusing on the association between maternal fluoxetine use and cardiovascular malformations as well as other system-specific malformations in infants [25] [26] [27] . In 2013, results from meta-analyses by Myles et al. [28] and Grigoriadis et al. [29] showed that fluoxetine use during the first trimester was positively associated with increased risk for infants of major malformations, whereas no association with cardiovascular malformations was identified. By contrast, a meta-analysis by Riggin et al. [30] in 2013 reported that fluoxetine use during the first trimester was positively associated with increased risk of cardiovascular malformations in infants, whereas no other major malformations were identified. However, these meta-analyses of inconsistent results had several limitations: (1) two meta-analyses included case-control studies, which may be susceptible to recall bias (i.e., Myles et al. [28] and Grigoriadis et al. [29] ); (2) one contained inaccurate information (i.e., Riggin et al. [30] ), which included the odds ratios (OR) for any congenital malformations in the analysis of major malformations or the ORs calculated from the raw data instead of the ones provided in the selected studies; (3) information regarding subgroup analyses stratified by geographic locations and whether adjustments were made for confounders (e.g., maternal age, smoking, alcohol consumption, and parity) were not provided; and (4) they did not provide evidence for other system-specific malformations (e.g., nervous system, urogenital system, musculoskeletal system, and other major systems) [23, 24, [31] [32] [33] [34] .
This systematic review and meta-analysis of current evidence from cohort studies was performed to investigate the safety of fluoxetine use during pregnancy, and to better understand the relationship between fluoxetine use during the first trimester and congenital malformations in infants.
Methods

Search strategy and study selection
We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [35] guidelines to investigate the association between maternal fluoxetine use during the first trimester and the risk of congenital malformations in infants. PubMed and Web of Science databases were systematically searched from inception to 21 March 2016. The following keywords and/or medical subject heading (MeSH) terms were used: 'serotonin reuptake inhibitors' or 'SSRI' or 'fluoxetine' or 'paroxetine' or 'citalopram' or 'sertraline' or 'fluvoxamine' or 'escitalopram' in combination with 'malformations' or 'birth outcome' or 'obstetrical outcome' or 'congenital abnormalities'. We also performed manual screening of reference lists of retrieved articles and relevant reviews to identify additional studies of interest.
Retrieved studies were included in our meta-analysis if they met the following criteria [36, 37] : (1) original articles (including meeting abstracts); (2) cohort study design; (3) defined the exposure was fluoxetine use; (4) the comparison group included pregnant women who were not exposed to any antidepressants and/or teratogens; (5) defined the fluoxetine exposure period as the first trimester of pregnancy; (6) reported any infants' congenital malformations as outcomes of interest; and (7) reported the risk estimates [i.e., odds ratio, risk ratio or relative risk (RR)] with 95% confidence intervals (CI) or provided enough information to calculate an unadjusted RR.
Retrieved studies were excluded from our meta-analysis if they met any of the following criteria [36, 37] : (1) letters, editorials, case reports, reviews, meta-analyses, notes or studies conducted in animals; (2) used case-control, crosssectional or clinical trial designs; (3) defined the fluoxetine exposure period as the second and/or third trimester; (4) did not provide sufficient risk estimates (i.e., OR, risk ratio or relative risk) with 95% CI, or did not provide sufficient data to calculate risk estimates; or (5) were not published in English.
If data were duplicated in more than one study, we only included the study with the largest number of cases [38] [39] [40] [41] . Articles were studied and screened for inclusion or exclusion by two independent reviewers (T-NZ and Z-QS). Differences between these two reviewers were resolved by the third reviewer (S-YG).
Data extraction
The two reviewers (T-NZ and Z-QS) extracted a predetermined set of data from each study, including the first author's name, publication year, geographic location, study period, sample size, outcome with risk estimates and 95% CI, and adjusted confounders. The third reviewer (S-YG) then examined these compiled data, and any differences were resolved by discussion. We summarize and present the outcomes for major malformations, cardiovascular malformations including septal defects and non-septal defects, and other system-specific malformations of the nervous system, eye, ear, face and neck, urogenital system and musculoskeletal system. For studies that did not report any adjusted risk estimates, we used the crude risk estimates.
Quality assessment
The selected studies were evaluated for quality assessment based on the Newcastle-Ottawa Scale (NOS) for cohort studies [42] [43] [44] [45] [46] [47] . The NOS scale consists of eight items grouped into three domains for selection, comparability and outcome. Two independent reviewers (T-NZ and Z-QS) read and scored each of the studies, assigning a maximum score of 9 as a quality assessment for the individual study. Any discrepancies between the two reviewers were resolved by the third reviewer (S-YG).
Statistical analysis
If the selected study did not include a risk estimate, we calculated the unadjusted RR and the 95% CI from the raw data for simplicity [16, 17, 23, 24, [48] [49] [50] [51] . Estimates were pooled using a random-effects model to calculate the summarized RRs and 95% CI [52] [53] [54] . If the selected studies reported the results of cardiovascular malformations as other outcomes but with similar definitions [e.g., congenital heart defect (CHD) or cardiac malformations], we combined the risk estimate to calculate the summarized RR of cardiovascular malformation. Similar analyses were also performed for septal defects (e.g., atrial and ventricular septal defects, VSD, ASD, or ASD and/or VSD) and major malformations (e.g., major birth defects, major congenital anomaly or major congenital malformations). We used the I 2 statistic to assess between-study heterogeneity. I 2 values of 25, 50 and 75% were considered to represent low, moderate and high heterogeneity, respectively [55] . We explored potential sources of heterogeneity by conducting subgroup analyses using pre-specified factors such as geographic location and adjusting for potential confounders. Heterogeneity between subgroups was evaluated by metaregression. The potential for publication bias was assessed using Begg's and Egger's tests [56, 57] . We also conducted sensitivity analyses to investigate the influence of a single study on the overall RRs by omitting one study at a time from the analyses. All analyses were performed using Stata version 11.0 software (StataCorp, College Station, TX). A two-tailed P-value less than 0.05 was considered statistically significant.
Results
Search result
The literature search resulted in the retrieval of 1918 articles from PubMed and Web of Science. Four additional studies were identified in a manual search of the reference lists. After screening by title and abstract, 65 articles were eligible for further assessment by studying the full article text. After application of the inclusion and exclusion criteria, 16 articles were selected for this systematic review and meta-analysis ( Figure 1 ).
Study characteristics and quality
The characteristics of the 16 included studies are presented in Supplementary Table S1 . These studies were published between 1993 and 2015, and covered a study period of 30 years from 1989 to 2010. Sample sizes ranged from 139 to 2 303 647 women. The number of major congenital malformations varied from 4 to 71 629. The number of cardiovascular malformations varied from 15 to 26 851. Seven of the studies were from Europe, six were from North America, and three were from other regions (Australia, Israel, and one study across Israel, Italy and Germany).
The results of NOS quality assessment are presented in Table 1 . The median NOS score was 7 (range 5-9). Six studies were scored below 7, and ten studies were scored 7 or greater. More than half of the studies had adjusted for potentially important confounders (i.e., age, smoking or alcohol consumption).
Figure 1
Flow-chart of study selection Table 1 Quality assessment of cohort studies included in the meta-analysis A maximum of 2 stars could be awarded for this item. Studies that controlled for maternal age received one star, whereas studies that controlled for other important confounders such as smoking and/or alcohol using received an additional star.
c A cohort study with a follow-up time > 9 months was assigned one star.
d A cohort study with a follow-up rate > 75% was assigned one star.
Major malformations
Twelve cohort studies examined an association between fluoxetine use during the first trimester and major malformations ( Figure 2 ). Pregnant women who used fluoxetine during the first trimester had a statistically significant increased risk of major malformations in infants (RR = 1.18, 95% CI = 1.08-1.29), with low heterogeneity (P = 0.61, I 2 = 0). There was no indication of publication bias (Begg's P = 0.73, Eggers's P = 0.49).
The results of subgroup and meta-regression analyses are presented in Table 2 . Although the subgroup analyses results were generally consistent with the main finding, they were not all statistically significant. No statistically significant source of heterogeneity was identified in meta-regression analyses.
The sensitivity analysis evaluated the effect of omitting one study at a time from each analysis. The resulting RR of major malformations ranged from a low of 1.11 (95% CI = 0.98-1.26; I 2 = 0) after excluding the study by Furu et al.,
to a high of 1.23 (95% CI = 1.12-1.36; I 2 = 0) after excluding the study by Ban et al.
Cardiovascular malformations
Twelve cohort studies examined an association between fluoxetine use during the first trimester and cardiovascular malformations ( Figure 3 ). Pregnant women who were exposed to fluoxetine during the first trimester had a statistically significant increased risk of cardiovascular malformations in infants (RR = 1.36, 95% CI = 1.17-1.59), with low heterogeneity (P = 0.21, I 2 = 23.4). There was no indication of publication bias (Begg's P = 0.09, Eggers's P = 0.12).
Analyses of seven studies showed that there was a statistically significant increased risk of septal defects in infants born to mothers who used fluoxetine during the first trimester (RR = 1.38, 95% CI = 1.19-1.61; I 2 = 0). Notably, we observed similar result in non-septal defects (RR = 1.39, 95% CI = 1.12-1.73; I 2 = 7.3) ( Table 2 ).
The results of subgroup and meta-regression analyses are presented in Table 2 . No significant confounder effects were observed for subgroups (P > 0.05 for each). No statistically significant source of heterogeneity was identified in the meta-regression analyses (P > 0.05 for each).
The sensitivity analysis omitted one study at a time, which showed that the results appeared to be robust to the influence of individual studies. The RR of cardiovascular malformations ranged from a low of 1.30 (95% CI = 1.14-1.49; I 2 = 9.4) after excluding the study by Jimenez-Solem et al.
[31] to a high of 1.42 (95% CI = 1.16-1.72; I 2 = 26.8) after excluding the study by Huybrechts et al. [27] .
System-specific malformations Nervous system. Three cohort studies examined an association between fluoxetine use during the first trimester and nervous system malformations ( Figure 4) . However, the meta-analysis indicated pregnant women who used fluoxetine during the first trimester had no statistically significant increased risk of nervous system Figure 2 Forest plots of the relationship between fluoxetine use and risk of major malformations. Squares indicate study-specific risk estimates (size of the square reflects the study-specific statistical weight); horizontal lines indicate 95% CI; diamond indicates the summary relative ratio with its 95% CI. RR: relative ratio malformations in infants (RR = 1.37, 95% CI = 0.83-2.25), with no heterogeneity (P = 0.53, I 2 = 0). There was no indication of publication bias (Begg's P = 1.00, Eggers's P = 0.90).
Eye. Three cohort studies examined an association between fluoxetine use during the first trimester and eye malformations in infants (Figure 4) . However, the metaanalysis indicated that pregnant women who ingested Urogenital system. Four cohort studies examined an association between fluoxetine use during the first trimester and urogenital system malformations in infants (Figure 4) . However, the meta-analysis indicated that pregnant women who ingested fluoxetine during the first trimester had no statistically significant increased risk of urogenital system malformations in infants (RR = 1.02, 95% CI = 0.65-1.59), with low heterogeneity (P = 0.16, I 2 = 39.4). There was no indication of publication bias (Begg's P = 0.46, Eggers's P = 0.40).
Digestive system. Three cohort studies examined an association between fluoxetine use during the first trimester and digestive system malformations in infants (Figure 4) . However, the meta-analysis indicated that pregnant women who ingested fluoxetine during the first trimester had no statistically significant increased risk of digestive system malformations in infants (RR = 1.08, 95% CI = 0.60-1.96), with no heterogeneity (P = 0.86, I 2 = 0). There was no indication of publication bias (Begg's P = 1.00, Eggers's P = 0.56).
Respiratory system. Three cohort studies examined an association between fluoxetine use during the first trimester and respiratory system malformations in infants (Figure 4) . However, the meta-analysis indicated that pregnant women who ingested fluoxetine during the first trimester had no Figure 4 Forest plots of the relationship between fluoxetine use and risk of other system-specific malformations. Squares indicate study-specific risk estimates (size of the square reflects the study-specific statistical weight); horizontal lines indicate 95% CI; diamond indicates the summary relative ratio with its 95% CI. RR: relative ratio statistically significant increased risk of respiratory system malformations in infants (RR = 1.38, 95% CI = 0.69-2.78), with no heterogeneity (P = 0.67, I 2 = 0). There was no indication of publication bias (Begg's P = 1.00, Eggers's P = 0.54).
Musculoskeletal system. Four cohort studies examined an association between fluoxetine use during the first trimester and musculoskeletal system malformations in infants (Figure 4) . However, the meta-analysis indicated that pregnant women who ingested fluoxetine during the first trimester had no statistically significant increased risk of musculoskeletal system malformations in infants (RR = 0.82, 95% CI = 0.54-1.22), with low heterogeneity (P = 0.73, I 2 = 0). There was no indication of publication bias (Begg's P = 0.31, Eggers's P = 0.04).
Discussion
The present study is the most comprehensive and current meta-analysis of published cohort studies evaluating the association between maternal fluoxetine use during the first trimester and increased risk of congenital malformations in infants. The results of this meta-analysis indicate that maternal fluoxetine use is associated with increased risk of major malformations and, particularly cardiovascular malformations in infants. However, we did not detect any significant effects of fluoxetine on other system-specific malformations. Fluoxetine is the most commonly prescribed SSRI during the first trimester. The results of this metaanalysis suggest healthcare providers and their patients should carefully consider risk-benefit analyses before proceeding with fluoxetine therapy (in terms of efficacy and tolerability) for depression during the first trimester [26, 58] . Most SSRIs have a short half-life of approximately 1 day, but fluoxetine has a longer half-life (approximately 1-4 days) and its metabolite norfluoxetine a half-life of 7-15 days [59] . It is known to cross the human placenta because high concentrations of fluoxetine and its metabolite are detected in umbilical cord blood [20] . The fetus is directly exposed to the drug. However, the exact biological mechanism that causes fluoxetine-induced congenital malformations is unknown. Sadler et al. [21] reported that the neurotransmitter serotonin (5-HT) was an important signalling molecule during embryological development and cardiac morphogenesis. Sari et al. [60] conducted an experimental study in mouse embryo and indicated that 5-HT had a direct effect on myocardial cell development. These heart cells expressed serotonin transporter (5-HTT) and their proliferation was affected by 5-HT concentrations in the media. Moreover, Yavarone et al. [61] showed that 5-HT affected cardiac morphogenesis during formation of endocardial cushion.
The conclusions of the present study are not in agreement with a previously published meta-analysis conducted in 2000 [62] . The previous study was based on a limited number of studies (n = 2), whereas our meta-analysis included 16 cohort studies and our findings are consistent at least in part with other meta-analyses [28] [29] [30] . For example, Myles et al. [28] showed that fluoxetine use during the first trimester was positively associated with increased risk of major malformations in infants based on nine studies (OR = 1.14, 95% CI = 1.01-1.30). Grigoriadis et al. [29] reported an association between fluoxetine exposure and increased risk of major malformations in infants based on three studies (RR = 1.29, 95% CI = 1.03-1.61). However, these metaanalyses included retrospective studies such as case-control studies, in which recall bias may be inherent. Additionally, Riggin et al. [30] showed that fluoxetine use during the first trimester was positively associated with increased risk of cardiovascular malformations in infants based on 14 studies (OR = 1.60, 95% CI = 1.31-1.95). However, this the most recent meta-analysis published in 2013 included the odds ratios (OR) for any congenital malformations in the analysis of major malformations [24, 33, 34] and the ORs calculated from the raw data instead of the ones provided in the selected studies [23, 31, 32] .
Our subgroup analyses were stratified by geographic location, which revealed that a positive association between fluoxetine use during the first trimester and increased risk of major malformations in infants was observed in studies from Europe, North America, and Australia and Israel. Compared with a North America study including approximately the same sample size, point estimates of the increased risk association were stronger among studies conducted in Australia and Israel. This might be attributed to higher rates of fluoxetine use during the first trimester in these populations. For example, Diav-Citrin et al. [22] reported that the incidence of fluoxetine use during the first trimester in Israel was 15.8% based on 2191 participants from 1998 to 2001, whereas Huybrechts et al. [27] reported that the incidence of fluoxetine exposure in the USA was 1.2% based on 949 504 participants from 2000 to 2007.
Several potential limitations of our meta-analysis should be acknowledged. First, although 8 of the 16 included studies provided adjusted risk estimates that considered potential confounders, we could not fully rule out the possibility of residual confounding. Several studies suggested individuals with lower socioeconomic status tend to have higher rates of antidepressant prescription [63, 64] . A limited number of included studies have adjusted for this potential confounder in their primary multivariable analyses. Among the included studies, only Jimenez-Solem et al. [31] divided household income and educational level into categories. When data were stratified by pregnancy complications, we only observed a positive association between fluoxetine use during the first trimester and major and cardiovascular malformations in infants for the unadjusted studies presented in the included studies. Two meta-analyses found that SSRI including fluoxetine increased the risk of spontaneous abortion during pregnancy [65, 66] . This problem surely produces a bias in the final report for the observation of congenital malformation. However, few studies have adjusted for this potential confounder as a pregnancy complication in their multivariable analyses. Several studies indicated that pregnancy complications such as diabetes might be potential risk factors of fetal malformations. For example, Jenkins et al. [67] suggested that maternal diabetes potentiated definitive risk factors for cardiovascular malformations in infants. Kousseff [68] suggested that diabetes was presumed to be related to fetal malformations occurring during the first six weeks of gestation. Additionally, several studies supported the evidence that cigarette smoking, alcohol use, parity and maternal age were probably risk factors for congenital malformations, which were conducted in subgroup analyses [67, [69] [70] [71] [72] [73] [74] [75] . However, a limited number of studies suggested these risk factors may act as potential confounders for fluoxetine and congenital malformations. Further cohort studies are warranted to evaluate the associations and potential confounders. In addition, social and life-style confounders such as undiscovered alcohol consumption and other social drugs require more attention.
Second, the fact that only a small number of studies published in the past five years (n = 4) focusing on other system-specific infant malformations limited our ability to perform subgroup analyses to further investigate these issues and to interpret the results.
Third, we failed to conduct a dose-response analysis between fluoxetine use during the first trimester and congenital malformations in infants. However, of note, all of the 16 included studies did not provide the available information of dose-response analysis.
Fourth, our study was not able to draw definitive conclusions whether fluoxetine specifically could contribute to the increased risk as opposed to depression itself. Limited studies separated the confounding effects of depression from the effects of medication exposure [26] .
Fifth, more careful prenatal and postnatal ultrasound diagnostics in exposed fetuses/infants could lead to the possibility of a detection bias. If congenital malformation was detected, it could also lead to termination of the pregnancy. This would ultimately reduce the rates of fluoxetine-mediated infant malformation.
Sixth, the main findings were slightly different from the result of the sensitivity analysis evaluating the effect of major malformations after excluding the study by Furu et al. (see Supplementary Figures S1 and S2 ), which might be attributed to their sample size being the largest. However, the direction of these results was consistent.
Despite these limitations, the findings are meaningful because we are the first to comprehensively report the association between fluoxetine use during the first trimester and the risk of system-specific malformations in infants [28] [29] [30] 62] . The 16 included studies enrolled 6 562 262 pregnant women, which provided sufficient statistical power to detect moderate associations. Another important strength of this meta-analysis is that all included studies used a cohort design, and the results are unlikely to be explained by the bias of traditional retrospective studies. Although low heterogeneity was observed in the majority of results, we performed numerous subgroup and sensitivity analyses to explore the sources of heterogeneity, which were limited in previous meta-analyses. Notably, instead of reporting all cardiovascular malformations and septal defects, our study separated cardiovascular malformations into three groups: cardiovascular malformations, septal defects and non-septal defects instead of pooling them together, which enable us to understand if there is an overall increase in all cardiovascular malformations or if the increase is due only to an increase in septal defects.
Conclusion
The current meta-analysis summarized evidence from cohort studies and established a positive association for maternal fluoxetine use during the first trimester with cardiovascular malformations in infants. Healthcare providers and pregnant women should weigh the risks of an increased risk of minor cardiac anomalies with the benefits of fluoxetine use during pregnancy.
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